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Abstract: This study aims at evaluating the effect of microstructure imperfections on the corrosion
fatigue performance of an ER70S-6 alloy produced by wire arc additive manufacturing (WAAM)
process, in a 3.5% NaCl solution. For reference, a regular ST-37 alloy with relatively similar chemical
composition was considered as a counterpart alloy. This was justified by the fact that the ER70S-6
alloy is usually used for conventional welding of ST-37 steel. The results obtained indicated that
while the ST-37 alloy exhibited fatigue strength of 240 MPa in the corrosive solution, the additively
manufactured ER70S-6 alloy showed fatigue strength of only 140 MPa. These differences were related
to microstructural imperfections that are inherently produced during the WAAM process.
Keywords: additive manufacturing; ER70S-6; corrosion; fatigue; steel; wire arc deposition; direct
energy deposition
1. Introduction
Additive manufacturing (AM), processes are principally divided into three main categories:
powder-bed technology (PBT), inkjet printing and blown powder/wire technology. Currently, the most
popular process is PBT, which is practically implemented by means of selective laser melting (SLM)
and electron beam melting (EBM) [1–5]. The wire arc additive manufacturing (WAAM) process is
carried out using an electric arc as the energy source and consumable wires as the filler material for
layer-by-layer metal deposition controlled by 3D CAD software, under an inert gas atmosphere [6,7].
Compared to powder-bed technologies, the WAAM process is significantly more attractive and
cost-effective. This is manifested in terms of energy consumption (90% less than PBT), production cost,
including raw materials, (80% less than PBT) and component dimensions that are not limited to the
printing cell size [8–15]. In addition, the deposition rate of the raw material in the WAAM process is
about 160 g/min [16], which is significantly higher than the 10 g/min obtained by conventional PBT
processes [17]. The main disadvantage of WAAM technology compared to PBT relates to its inherent
limitation in terms of possible geometrical structures that can be produced. Practically, the WAAM
process can be used to produce bulk or hollow geometries that enable the deposition-tool-free access to
the deposition area [18].
Currently, most of the research related to WAAM processes has focused on optimizing the printing
parameters, including tool path planning, as well as on analyzing the consequent thermal and residual
stresses that are developed during the production process [19]. Relatively limited attention has been
Metals 2020, 10, 98; doi:10.3390/met10010098 www.mdpi.com/journal/metals
Metals 2020, 10, 98 2 of 10
devoted to microstructural imperfections generated during the WAAM process and their subsequent
effect on material properties. These imperfections mainly include impurities and solidification defects
such as porosity, lack of fusion and hot cracks [20] that can lead to premature fatigue failure [21]
as well as to deterioration in the corrosion resistance. The present study aims to evaluate the effect
of microstructure imperfections on corrosion fatigue behavior of an ER70S-6 alloy produced by the
WAAM process. It should be pointed out that the ER70S-6 alloy is usually used for conventional
welding of ST-37 steels [22] that have very similar chemical compositions and mechanical properties.
Hence, the present study considers ST-37 steel as a counterpart alloy for reference [23].
2. Materials and Methods
The chemical composition (in wt.%) of the ER70S-6 alloy used for the WAAM process was:
Fe, 0.072% C, 1.248% Mn, 0.761% Si, 0.015% P, 0.0053% S, 0.008% Ni, 0.014% Cr, 0.002% Mo, while the
composition of its counterpart ST-37 alloy was: Fe, 0.15% C, 0.491% Mn, 0.073% Si, 0.008% P, 0.009% S,
0.03% Ni, 0.001% Cr, 0.008% Mo. The tested samples were machined from hollow cylindrical
components produced by the WAAM process using 1.2 mm wire of ER70S-6. The dimensions of the
cylindrical components were: height 120 mm, mid-wall radius 55 mm and wall thickness 15 mm [24].
The deposition process was carried out by a Cloos Rotrol V7.13 (CLOOS, Haiger, Germany) robot
using Quinto 503 SD welding system with a programmed pathway controlled by a CAD model.
The deposition process parameters included: slicing layer thickness 2 mm, tangential deposition speed
14 cm/min, electrical current 210 A, voltage 23.9–24.1 V, pulse frequency 120 Hz with duration of 2.5 ms,
independently determined wire feed-rate 6.1 m/min and protective gas atmosphere with composition
98% argon and 2% oxygen.
Microstructure examination of metallographic specimens and fracture surfaces was carried out
using optical and scanning electron microscopy (SEM; JEOL-5600; JEOL Ltd. Tokyo, Japan) [25].
Metallographic specimens were prepared by polishing up to 0.04 µm roughness, following etching
with Nital solution (HNO3 (70%) 5 mL, ethanol 95 mL) for 10 s. The electrochemical examinations
included open circuit potential, potentiodynamic polarization analysis and electrochemical impedance
spectroscopy (EIS) assessment using a Bio-Logic SP-200 potentiostat equipped with Ec-Lab software
v11.18 (BioLogic Science Instruments, Seyssinet-Pariset, France). The polarization analysis was
performed with a standard three-electrode cell using a saturated calomel electrode (SCE) as a reference
electrode [26]. The scanning rate of the potentiodynamic polarization analysis was 0.5 mV/s. The EIS
measurements were carried out between 10 kHz and 0.015 Hz at a 10 mV amplitude signal after
360 min of getting open circuit potential. Prior to the electrochemical testing, the samples were cleaned
in an ultrasonic bath for 5 min, washed with alcohol, and dried in hot air.
The corrosion fatigue performance was examined under high cycle fatigue conditions in a 3.5%
NaCl solution and in air (for reference) using a rotting-beam fatigue machine (Satec R.R.Moore;
INSTRON, Norwood, MA, USA) at a frequency of 50 Hz. The dimensions of the cylindrical fatigue
specimens were: total length 80 mm and diameter at the gauge area 6 mm. The surface of all the
fatigue specimens was polished up to 2500 grit. In order to obtain an S–N curve, the fatigue strength
was examined by measuring the maximum applied stress versus the number of cycles to failure.
3. Results
The microstructure of the ER70S-6 alloy in the XZ plane, as produced by the WAAM process,
is shown in Figure 1. This reveals a typical microstructure of low carbon steel with a ferrite matrix and a
relatively reduced amount of a secondary pearlite phase, as expected from the limited amount of carbon
(0.072% C) and the rapid solidification conditions of the WAAM process [23]. In addition, clear inherent
microstructural imperfections were present, as can be discerned in terms of porosity (0.15% by image
analysis), impurities (0.08% by image analysis) and lack of fusion (0.04% by image analysis). All those
defects can have a significantly detrimental effect on the mechanochemical behavior of the alloy, especially
under cyclic loading conditions. The microstructure of the counterpart ST-37 alloy is shown in Figure 2,
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indicating that this alloy has a very similar microstructure with a relatively increased amount of secondary
pearlite phase due to the higher content of carbon (0.15% C) present in this alloy.Metals 2019, 9, x FOR PEER REVIEW 3 of 10 
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Figure 2. Typical microstructure of the counterpart ST-37 alloy: (a) optical microscopy; (b) scanning
electron microscopy.
The mechanical properties of an additively manufactured ER70S-6 alloy and its counterpart ST-37
alloy were measured in terms of tensile strength (475.7 ± 2.3 and 611.2 ± 12.9 MPa, respectively),
elongation (34.6% ± 3.6% and 12.6% ± 0.2%, respectively) and hardness (192.4 ± 6 and 259.1 ± 15 HV,
respectively) [23]. The relatively lo er echanical strength and increased ductility of the additively
manufactured ER70S-6 alloy are ainly r late to the incre sed content of carbon and subsequently
increased amount of pear ite phase in t t r rt - 7 alloy.
The outcomes f el ctroche ical f the a ditively manufactured ER70S-6 alloy and
counterpart ST-37 all y in terms of open circuit poten i l calo el electrode (SCE) in a
3.5% NaCl so ution re shown in Figure 3. This shows that the electrochemical tendencies of the two
alloys were quit similar, although the stabilization (passivation phase) f the dditively manufactured
ER70S-6 alloy was obtained at a slightly higher potential. This result complies with the results of the
immersion test and salt spray testing in the same corrosive environment as obtained by a previous
study of the authors [23].
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Figure 3. Open circuit potential of additively manufactured ER70S-6 alloy and counterpart ST-37 alloy
in 3.5% NaCl solution.
The cyclic potentiodynamic polarization analysis results for additively manufactured ER70S-6
alloy and its counterpart ST-37 alloy are shown in Figure 4. This reveals that the cyclic polarization
curves of the two alloys were basically similar, without any tendency of one of the alloys to shift its
polarization curve to higher current densities that could reflect significant differences in corrosion
resistance [27,28]. In addition, the mode of the cyclic hysteresis of the two alloys after passing the Esw
(switch) potential and reaching the Eprot (protection) potential was very similar. In both cases, the
cyclic hysteresis mode represents a general/uniform corrosion attack. Tafel extrapolation measurements
disclosed that the corrosion rate of the additively manufactured alloy was quite similar to that of
the counterpart alloy (0.087 and 0.134 mmpy, respectively), which in both cases represents adequate
corrosion resistance. Altogether, the results of the potentiodynamic polarization analysis agreed with
the results obtained by the open circuit potential assessment.
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Corrosi n rate (mmpy) 0.13 ± 0. 1 0.08 ± 0.01
Figure 4. Cyclic potentiodynamic polarization analysis of additively manufactured ER70S-6 alloy and
reference ST-37 alloys in 3.5% NaCl solution.
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The results of the EIS analysis relating to the additively manufactured ER70S-6 and reference
ST-37 alloys in terms of Nyquist plots and Bode plots are shown in Figure 5a,b. The Nyquist plots of
both alloys were quite similar, with a small increase in the radius of the counterpart alloy that may
illustrate a very minor improvement in the corrosion resistance. The Bode magnitude diagram that
introduces the solution resistance (R1) and the total resistance of the system (Rtotal) clearly indicates
that the corrosion resistances of the additively manufactured ER70S-6 alloy and reference ST-37 alloys
were similar. The related electrical equivalent circuit, as well as the fitted parameters, are shown in
Figure 6. The fitted parameters were: R1, solution resistance; R2 and C1 represent the double layer [29];
R3 and C2 represent the charge transfer resistance and capacitor [30].
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The high cycle fatigue strengths of additively manufactured ER70S-6 alloy and its counterpart
ST-37 alloy, in air and in 3.5% NaCl solution, in ter s of their S– curves, are s i i , .
Although the shapes of the two S–N curves of both alloys in the air were quite si ilar, the fatigue
strength f ll (220 MPa) was relatively reduced compared o hat of the ST-37 alloy
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(230 MPa). This can mainly be attributed to the differences in carbon content, the amount of secondary
phase and the subsequent mechanical properties of the two alloys. This explanation agrees with the
results obtained by Tayanc et al. [31], who found that the fatigue strength of carbon steels increases
as the carbon content is higher. In addition, it should be pointed out that both alloys had a clear
endurance limit, which means that below a certain stress level, the two alloys will never fail due to
cyclic loading alone [32]. In parallel, while the fatigue behavior of the counterpart ST-37 alloy was
nearly unchanged by the transition from air to a corrosive environment, a dramatic modification was
experienced by the additively manufactured ER70S-6 alloy. In this case, the fatigue strength of the
additively manufactured alloy was reduced from 230 MPa in air to 140 MPa in the corrosive solution,
and no endurance limit could be clearly identified.
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The fracture surface of ST-37 alloys after high cycle fatigue failure in an air atmosphere at a stress
of 240 MPa is shown in Figure 8. The initial crack was produced at the external surface and slowly
propagated across the material bulk in a direction perpendicular to the loading axis. As a result, the
cross-sectional area was reduced to a point where it could not carry the load and the material failed in
tension [32]. Consequently, the fracture surface of both alloys was basically divided into two main
regions: the smooth regions where the crack propagation took place and the rough region where the
final overload cracking occurred. However, the ro re i f t e a itively manufactured ER70S-6
alloy (Figure 9a) was relatively enlarged compared to t counterpart ST-37 alloy. This could
explain the increased number of cycles to fail ( s. 1,380, 0 cycles) generated by the
relatively increased strength of ST-37 al oy.
While the fracture surface characteristic - alloy after high cycle fatigue failure in 3.5%
NaCl solution were quite similar to the res lts tai ed in air, the fracture surface of the additively
manufactured ER70S-6 alloy in the corrosive environ ent as significantly different from the results
in air, as shown in Figure 9a,b. According to Figure 9b the fracture surface included three main areas:
(i) a small smooth area with a crack initiation close to the south pole; (ii) a large smooth area at the
center with an elongated crack initiation; and (iii) a rough area at the north pole that represents the final
overload failure. The two smooth areas represent sections where natural crack propagation took place.
However, it was evident that the cracking phenomena at the south pole included more than one crack
initiation. It is believed that under the corrosive solution the inherent microstructural imperfections in
the form of lack of fusion, impurities and porosity created favorable conditions for a localized corrosion
attack. Consequently, those corrosive sites acted as an incubation phase for crack initiation and fatigue
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failure. Figure 9c shows a close-up view of the fracture surface that highlights the clear presence of
porosity generated during the printing process.
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4. Discussion
Although the corrosion resistance of the additively manufactured ER70S-6 alloy and its counterpart
ST-37 alloy was quite similar in terms of their open circuit potential, pot ntiodynamic p larization,
and electrochemical impedance spectroscopy analysis, fatigue behavi r i a 3.5% NaCl solution
was s gnificantly different. Th s was obtai ed in spite of the fact that t i i p rformance in an
air atm sphere relat vely similar, apart from a min r d ff rence created by an incre sed amount of
carb n in th ST-37 alloy.
The main difference between the two alloys in terms of fatigue behavior in the corrosive solution
was related to the fact that the fatigu strength of the additively manufactured alloy was significantly
reduc d compared to that of the counterpart ST-37 alloy. While the ST-37 alloy showed f tigue strength
of 230 MPa and a clear endurance limit in the corrosive solution, th additively manufactured ER70S-6
alloy showed no endurance limit and continued to fa l up to fatigue strength of 140 MPa (Figure 7).
The fact hat the definite endurance limit of the additively manufactured alloy obtained in air was
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lost due to its exposure to a corrosive environment is known as corrosion fatigue [32]. According
to this phenomenon, the simultaneous action of fatigue loading and a corrosive environment can
produce a localized corrosion attack such as pitting that subsequently generates stress corrosion
sites that promote fatigue cracking. Following this insight, it is believed that the reason for the
significant reduction in fatigue strength as well as the lack of a definite endurance limit of the additively
manufactured alloy can be attributed to the inherent microstructural imperfections found in this
material. These imperfections, in the form of porosity, impurities and lack of fusion, can act as corrosive
sites that stimulate fatigue cracking. This assumption was also strongly supported by the results
of the fracture surface analysis (Figure 9b) that showed multiple crack initiations from the external
surface. The assumption that surface defects in steels can generate fatigue cracking that reduces the
fatigue strength and, consequently, eliminates the definite endurance limit is already well known and
understood [33–35].
In summary, the obtained results clearly demonstrate that the fatigue failure of an additively
manufactured ER70S-6 alloy in air was purely mechanical, while in a 3.5% NaCl solution this failure
was significantly affected by the corrosive environment which created the necessary conditions for
corrosion fatigue. The corrosion fatigue failure was mainly attributed to the presence of microstructural
imperfections produced during the WAAM process. The fact that the counterpart ST-37 alloy did
not experience a reduction in the fatigue strength in the corrosive solution compared to its fatigue
strength in air can be related to the absence of typical microstructural imperfections present in the
additively manufactured ER70S-6 alloy. This was mainly related to imperfections such as lack of
fusion and porosity that reasonably stimulate localized corrosion attack and consequent premature
fatigue cracking.
5. Conclusions
In spite of the fact that the general corrosion performances, as well as the fatigue behaviors in air,
of additively manufactured ER70S-6 and its counterpart ST-37 alloys, were quite similar, their fatigue
behaviors in 3.5% NaCl solution were dramatically different. The fatigue strength of ST-37 alloy in the
corrosive solution was maintained at 240 MPa with a definite endurance limit, while the additively
manufactured ER70S-6 alloy showed fatigue strength of only 140 MPa. This was explained in terms
the inherent microstructural imperfections present in the additively manufactured alloy in the form
of porosity, impurities and lack of fusion that promote localized corrosion attacks and consequently
stimulate fatigue cracking.
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